Hydrology of Giant Springs Great Falls Montana by Grimestad, Garry Ronald
University of Montana 
ScholarWorks at University of Montana 
Graduate Student Theses, Dissertations, & 
Professional Papers Graduate School 
1976 
Hydrology of Giant Springs Great Falls Montana 
Garry Ronald Grimestad 
The University of Montana 
Follow this and additional works at: https://scholarworks.umt.edu/etd 
Let us know how access to this document benefits you. 
Recommended Citation 
Grimestad, Garry Ronald, "Hydrology of Giant Springs Great Falls Montana" (1976). Graduate Student 
Theses, Dissertations, & Professional Papers. 7343. 
https://scholarworks.umt.edu/etd/7343 
This Thesis is brought to you for free and open access by the Graduate School at ScholarWorks at University of 
Montana. It has been accepted for inclusion in Graduate Student Theses, Dissertations, & Professional Papers by an 
authorized administrator of ScholarWorks at University of Montana. For more information, please contact 
scholarworks@mso.umt.edu. 
HYDROLOGY OF GIANT SPRINGS, 
GREAT PALLS, MONTANA
By
Garry R. Grimestad
Petroleum Engineer, Colorado School of Mines, I965
Presented in partial fulfillment of the 
requirements for the degree of
Master of Science in Forestry
University of Montana
1 9 7 6
Approved hy:
Chairman, Board of Examiners
D ^  ^
3 .  I<̂ 7Ù
Date
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
UMI Number: EP38144
All rights reserved
INFORMATION TO ALL USERS 
The quality of this reproduction is dependent upon the quality of the copy submitted.
In the unlikely event that the author did not send a complete manuscript 
and there are missing pages, these will be noted. Also, if material had to be removed,
a note will indicate the deletion.
UMT
UMI EP38144
Published by ProQuest LLC (2013). Copyright in the Dissertation held by the Author.
Microform Edition © ProQuest LLC.
All rights reserved. This work is protected against 
unauthorized copying under Title 17, United States Code
ProQ̂ st:
ProQuest LLC.
789 East Eisenhower Parkway 
P.O. Box 1346 
Ann Arbor, Ml 48106 -1346
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
ABSTRACT
Grimestad, Garry R ., M .S., December, 1976 Forestry
Hydrology of Giant Springs, Great F a lls , Montana (57 pp.)
D irector: Richard L. Konizeski / f?  ^
A carbon-14 and geochemical investigation was conducted to de­
termine the recharge regimen and tra n s it time of water which issues 
from Giant Springs, near Great F a lls , Montana. The source is 
meteoric and probably stream water which in f i l t r a te s  into carbonate 
rocks of the Mississippian Age Madison Group: probably those 
exposed on the north flank o f the L it t le  Belt Mountains, approximately 
40 to 65 kilometers (25 to 40 miles) south of Giant Springs.
Transit time is not less than 2900 years, nor more than 6300 years.
n
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CHAPTER I 
INTRODUCTION
The following paper describes an investigation of Giant Springs, 
near Great F a lls , Montana.
Objectives and Techniques
The goal of th is  investigation was to determine the recharge 
regimen, and ground-water tra n s it time.
Two complimentary techniques, geochemical characterization and 
carbon-14 dating, were employed.
Location and Description
Giant Springs is located on the south bank of the Missouri River, 
approximately three kilometers (two miles) down stream from Black 
Eagle Dam and Falls (Fig. 5 ). The springs issue from fissures in 
Kootenai sandstone of Cretaceous Age. The major apparent outlet 
is a large pool, approximately 15 meters ( f i f t y  fe e t) in diameter, 
with m ultiple sub-surface upwellings. At least one other major 
outle t discharges d ire c tly  into the r iv e r . Total discharge had been 
estimated at 18.1 cubic meters (638 cubic fe e t) per second (Fisher, 1909) 
However, d irec t measurements by the United States Geological Survey, 
during 1973, showed to ta l discharge to be only 8.4 cubic meters 
(298 cubic fee t) per second (United States Département of the In te r io r ,
1
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1973). Current usage of the Springs includes development as a 
to u ris t a ttrac tio n  and as a fish  hatchery water supply.
Previous Work
Fisher (1909), and Goers (1968) made detailed studies of the 
local geology. Although Goers' work did not d irec tly  involve Giant 
Springs, i t  provided valuable geologic insight fo r th is project.
Carbon-14 dating procedures used fo r th is project are modifi­
cations o f those developed by Hanshaw (1969).
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CHAPTER I I  
NATURAL CONTROLS
Regional and Local Geology
Figure 1 shows that major surrounding geologic surface expressions 
include the Rocky Mountains, the Belt Mountains, the Big Snowy 
Mountains, the Highwood Mountains, and the Missouri River and its  
tr ib u ta rie s .
North dipping sediments of Cretaceous and older age underlie 
the Great Falls /G iant Springs area. They are exposed progressively 
(younger to older) southward to the Belt Mountains (Figs. 2, 3 ). 
Exposure elevations range from approximately 975 meters (3200 f t . )  
above mean sea level on the Giant Springs Kootenai exposure to 
more than 2 0 0 0  meters (6600 f t . )  above mean sea level on parts 
of the Mississippian Age Madison Group exposed on the north flank  
of the L it t le  Belt Mountains (Fig. 3 ).
Alluvium is found along the channel of the Missouri River and 
along Sand Creek Coulee, which Fisher (1909) and Goers (1968) believed 
to be an abandoned pre-g lacia l Missouri River channel (Figs. 2, 5).
Precip itation and Temperature
Figure 4 shows average annual p rec ip ita tion  over the up-dip
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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Fig. 1. Mountains and Streams in West-Central Montana
(modified from U.S. Department o f Commerce, 1954).
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exposure area o f the Giant Springs stratigraphie column. Average 
annual p recip itation  and temperature at Great Falls are reported to 
be 35.8 cm. (14.1 inches) and 7.0 degrees Celsius (44.6 degrees 
Fahrenheit) respectively (U.S. Department o f Commerce, 1972).
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fo r cross-section A-A', see Fig. 3
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CHAPTER I I I  
POTENTIAL SOURCES OF RECHARGE
The Rocky, Big Snowy, and Highwood Mountains are not probable 
recharge sources. Appropriate large scale high elevation s t r a t i ­
graphie exposure is present in the Sawtooth Range of the Rocky 
Mountains, which is located approximately 130 kilometers (eighty 
miles) to the west o f Great F a lls . However, water in f i ltra te d  there 
probably could not migrate eastward against predominantly north 
trending dips without the existence o f a highly pressurized artesian  
aq u ife r, a condition not generally present in th is  area. Water in ­
f i l t r a te d  from smaller Rocky Mountain outcrops to the south would 
probably be blocked from reaching Giant Springs by u p lifts  and 
truncations associated with the Belt Mountains. The Big Snowy 
Mountains have appropriate stratigraphie exposure, but they are probably 
too fa r  east to influence Giant Springs via north dipping aquifers.
The Highwood Mountains are excluded from consideration as a recharge 
source on the basis o f north-trending dips and lack o f appropriate 
stratigraphie exposure (Ross, Andrews, Witkind, 1955).
Three possible recharge sources are hydrologically most feas ib le . 
These are the Missouri R iver, up-dip exposures of the Kootenai 
Formation, and Madison Group exposures on the north flank of the 
L it t le  Belt Mountains. Other members o f the Giant Springs
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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stratigraphie column are probably too lim ited in exposure area 
and/or hydraulic characteristics to  provide such a large volume of 
recharge (Goers, 1968).
Missouri River
Fisher (1909) was f i r s t  to propose a recharge regimen fo r  
Giant Springs (Fig. 5 ). He believed that water from the Missouri 
River percolated down its  pre-g lacia l channel in Sand Creek Coulee, 
entered jo in t  planes and/or fissures in the underlying Kootenai 
Formation, and then flowed north to emerge as Giant Springs. A large 
difference in hydraulic head exists between the head of Sand Creek 
Coulee and Giant Springs, as evidenced by the presence of Black Eagle 
Dam and Falls . Thus, provided the above jo in t  planes and/or fissures  
are present, the Fisher hypothesis is hydrologically viable.
Kootenai Formation
This formation must be considered a possible source o f Giant 
Springs water because the springs emerge d ire c tly  from Kootenai rocks, 
because Goers (1968) describes the lower conglomeratic sandstone of 
the Kootenai Formation as the most "u tilize d  aquifer" in the area 
several miles up-dip from Giant Springs, and because the exposed area 
of th is formation is  large (Fig. 2 ).
Other hydrologie information indicates th at the local Kootenai 
Formation exposure probably cannot recharge such a large spring: the
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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exposure has been dissected into discontinuous segments by stream 
erosion (Fig. 2 ); the formation probably has low vertica l permeability 
(Goers, 1968); the exposure is located in an area of low precip itation  
(F ig. 4 );  and those Great Falls area wells which produce water from 
th is  formation are reported to be of generally low capacity (Don L. 
C offin , personal communication, 1976).
The above considerations do not elim inate a ll  probability  that 
the Kootenai Formation may recharge Giant Springs. However, the 
hydrologie v ia b il i ty  o f Kootenai recharge is  low.
Madison Group
Meinzer (1927) shows that 61 of a to ta l of 65 f i r s t  order 
magnitude springs in the United States (minimum average discharge 
2.83 cubic meters per second or 100 cubic fee t per second) issue e ith er  
from limestone or from volcanic rocks. Limestone, although of low 
primary porosity, tends to develop fissures and solution channels which 
are capable of transm itting large volumes of water. Volcanic rock is 
not present beneath Giant Springs, however, massive Madison Group 
carbonates are present.
The Madison Group has the la rg est, e ffe c tiv e , up-dip outcrop area 
of the exposed members o f the Giant Springs stratigraph ie column 
(Figs. 2 ,3 ) and furthermore, p rec ip ita tion  is  greater on th is  outcrop 
than on any other (F ig. 4 ) . I t  is  known to receive d irect in f i l t r a t io n
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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from streams (Fisher, 1909), and i t  contains areas o f highly developed 
porosity (Goers, 1968).
The Madison Group exposure, p a rtic u la rly  that portion on the 
north flank of the L it t le  Belt Mountains is ,  hydrologically, the most 
viable source of Giant Springs water.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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CHAPTER IV 
THEORETICAL CONSIDERATIONS
Geochemical Characterization
Geochemical methods can indicate the source of ground-water 
by comparison of i ts  chemical character with that of water from 
known local systems, provided always, that the aquatic chemistry 
of each possible source is unique. Such comparison is fa c ilita te d  
by devices which integrate the chemical character of the water.
Definitions and conventions. Geochemical data must be 
corrected fo r non-ideality  p rior to manipulation in equilibrium re ­
lationships because these are expressed in terms of a c tiv it ie s  or 
"effective  concentrations". A c tiv ity  may be defined as follows 
(Garrels, Christ, 1965):
( i )  = f ,  [ i ]  ( A l )
where
A z^  r r
Tog f j  = ------------------------  (Debye-Huckel Law);
1 B
I = L—  ;
14
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( i )  = a c tiv ity  of ionic species "i"
[ i ]  = molar concentration of species "i"
A and B are characteristics of the solvent;
3̂  = size parameter of species " 1 ";
= a c tiv ity  co e ffic ien t of species "i ";
I = ionic strength of solution;
Z = ionic charge of species "i ";
YL indicates summation over a ll  ionic species in solution.
Values of â  by ionic species, and of A and B as functions o f temperature
are given in Tables 1 and 2.
Equilibrium dissociation constants used in th is  paper include:
where
Kc a lc ite  = ( C " )  ( C O D ;
K te = (Ca++) (Mg++) (CO3 ” )" ;
= (HgCOg) f  pcog;
= ( H + )  (HCO3 ) /  (HgCOg);
= (H+) (CO3  ) /  (HCO3 ' )
= (H + )  ( O H ' ) ;
= p a rtia l pressure o f carbon dioxide; 
-ph
= 10 (Stumm, Morgan, 1970).
- - . 2
dolomi
KCO,
K,H2 CO3
KHCO.
Kwater
CO2
(H+)
(A2)
(A3)
(A4)
(AS)
(AS)
(A7)
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I t  is  convenient to give the negative log of equilibrium dissociation  
constants rather than the corresponding numerical value. The notation 
is :
pK = -log K.
Hydrochemical fac ies . This is  a graphic method fo r testing the 
chemical s im ila r ity  o f various ground-waters. Each sample is  treated as 
though i t  consisted of three cations (Ca**, Mg^^, and Na*) and three 
anions (HCOg , SÔ  , and Cl ) .  Other ions are summed with the major 
ion which is  chemically most s im ilar. Cations and anions are plotted  
on separate t r i - l in e a r  diagrams. Each sample is  represented by a 
single point on each diagram, which represents the number o f chemical 
equivalents of each of the three major ionic species, expressed as a 
fraction of th e ir  to ta l ,  in that sample. Concentrations of ionic con­
stituents may vary throughout a chemically homogeneous flow system. 
However, ionic ra tios usually remain s im ilar. Samples fron chemically 
d iffe re n t systems w ill probably have d iffe re n t proportions of the major 
ions and w ill usually p lot separately on hydrochemical facies diagrams. 
Proximity on such diagrams may be an indication of genetic s im ila r ity  
(Domenico, 1972).
P artia l pressure o f carbon dioxide (PCOg) p ^ ^ ia l pressure is a
r e l ic t  o f conditions in the recharge area. Soil zone ground-water in ­
f i l t r a t io n  is l ik e ly  to resu lt in high residual p a rtia l pressures, 
whereas d irec t in f i l t r a t io n  by streams is most l ik e ly  to produce a carbon
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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dioxide p artia l pressure approximately equal to that in the atmosphere; 
-3 .5
about 10 atmospheres (Stumm, Morgan, 1970). Ground-water of a 
given aquifer system should have a re la tiv e ly  constant carbon dioxide 
p artia l pressure in a ll  locations remote from the recharge area. 
Equations (A4, and A5) may be combined to y ie ld :
COg
/ l o ' P "  ( H C O , ' )  \
(A 8 )
CO3 )
P...
C alcite saturation index (S IC ). This index measures the degree 
of saturation o f water with respect to the mineral c a lc ite  (CaCO^).
I t  is defined (Langmuir, 1971) to be:
SIC = log /  ) (CO3  )I K\ c a lc ite  
This may be combined with equation (A6 ) to y ie ld :
(Ca ) (HCO3  ) K^co \
SIC = log I ______________________ L _  . (A9)
C a lc ite  I
Positive values denote oversaturation: negative values, undersaturation. 
Ground-water from limestone aquifers should be approximately saturated 
with c a lc ite . Ground-water from non-carbonate aquifers may be saturated 
or not, depending on grain cement composition and other variables.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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Dolomite saturation index (S ID). This index measures the degree 
of saturation of water with respect to the mineral dolomite (CaMgfCOgjg) 
I t  is defined (Langmuir, 1971) to be:
(Ca**) (Mg**) (CO,"')
SID = log
dolomite
This may be combined with equation (A6 ) to y ie ld
(Ca**) (Mg**) (HCO )  ̂ -
SID = log I __________________  3  ̂ (AlO)
lO'ZPH K
dolomite
Use and meaning is  the same as fo r SIC except that references to 
"calcite" or "limestone" are replaced with "dolomite".
Total dissolved carbon (C%) s im ilar values of to ta l dissolved
carbon are expected from waters of common orig in  which are a t e q u ili­
brium with a chemically homogenous aqu ifer. However, the principal 
use of th is  quantity is in the calculation o f carbon-14 age correction  
factors. Total sample carbon may be expressed:
“  W 2 C O 3 ] +  [ H C O j ' ]  +  [C O 3 ' ]
where
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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(HgCOg) and includes a ll  dissolved 
carbon dioxide, regardless o f hydration state  
(Stumm, Morgan, 1970).
Equations (AS) and (A6 ) may be combined with the above equation to 
y ie ld :
\  = [HCO3 - ]
1  f 10
■pH
HCO.
K;H2 CO3
^HCOg" "̂ HCÔ '
10-pH
CO.
(A ll)
Carbon-14 Dating
Ground-water may be carbon dated because i t  contains dissolved 
carbon from the atmosphere and/or the soil plant root zone.
14
Formation, decay, and apparent carbon age. Carbon-14 (^C ) isD
formed in the upper atmosphere by the action o f cosmic ray neutrons on 
nitrogen :
n' ,N
14
•,H 14
Carbon-14 is  oxidized to carbon-14 dioxide and is  then mixed into the 
atmospheric carbon dioxide reservoir (Daniels, A lberty , 1961). Prior 
to the industria l revo lution , eq u ilib ra tion  between rates of formation 
and decay produced a nearly constant /  gC^  ̂ ra tio  in the
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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atmosphere (Raaen, Ropp, Raaen, 1968). Knowledge of that ra tio  
and of the h a l f - l i f e  of carbon-14 make i t  possible to determine the 
time elapsed since a carbon containing substance was removed from the 
atmospheric carbon cycle.
Carbon-14 decays by the emission of a nuclear electron (beta 
p a r t ic le ) :
This reaction follows the f i r s t  order rate law (Raaen, Ropp, Raaen, 
1968):
N = No e " ^ t
where
No = in i t ia l  number of unstable nuclei;
N = number of unstable nuclei a t subsequent time;
e = base of natural logarithms;
A = In /  t  1 / 2 ;
t  = time elapsed;
In = natural logarithm;
th = h a l f - l i f e  of carbon-14.
Given the above d e fin itio n s , that the h a l f - l i f e  of carbon-14 is 
5570 years (Libby h a l f - l i f e ) ,  and that the rate of d isintegration of 
a radioactive element is d ire c tly  proportional to the number of 
unstable nuclei present, equation (B l) becomes:
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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ln2 tR = Ro e 5570 
or t *  = (5570/ln2) In (Ro/R) (B2)
where
t *  = apparent sample age (years);
Ro = d isintegration rate of a given mass of a suitable
carbon standard;
R = d isintegration rate of equal mass of sample carbon.
Incorporation o f carbon-14 into ground-water. Meteoric water
reaches a ground-water aquifer by in f i l t r a t io n  through the soil root 
zone or by d irec t recharge from streams or lakes. Contact with the 
carbon-14 reservoir is usually lost a fte r  ground-water exits the 
recharge area.
Plant root respiration and plant decay produce soil root zone 
carbon dioxide p a rtia l pressures which may be several orders of magnitude 
greater than that of the atmosphere (Russell, 1952). Water in f i l t ra te d  
through th is  zone receives carbon with an isotope composition typical 
of modern plants which, through isotopic fractionation , may be d iffe re n t  
from that o f the atmosphere (Hanshaw, 1969).
Water in f i l t ra te d  from streams may have a wide varie ty  of 
isotopic compositions: i t  may be s im ilar to that of the atomosphere; to 
that o f the soil root zone; or i t  may be a combination of one or both 
of the above with that of carbonate rocks.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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D ilution  of ground-water carbon-14 content. Ground-water con­
tain ing  dissolved carbon dioxide reacts with carbonate rocks or 
carbonate grain cement in the aquifer. The ra tio  isD O
lowered by such reactions because the aquifer carbonate is old with 
respect to the h a lf l i f e  of carbon-14. Resulting apparent ground­
water ages are fa ls e ly  high.
Correction o f apparent carbon age. Aquifers o f Tertia ry  and 
greater age contain essen tia lly  no carbon-14 because of the re la tiv e ly  
short h a lf l i f e  of th is  isotope. Correct ages of ground-water from 
such aquifers may be determined from the plant-derived fraction  of 
to ta l dissolved carbon (Fp).
I f  ground-water carbon chemistry is considered to be the resu lt 
of an acid-base t i t ra t io n  in which plant-derived HgCOg reacts with 
aquifer derived COg , one may determine the orig inal quantities of 
each reactant necessary to achieve the resultant combination of to ta l 
carbon, bicarbonate ion, and pH. Consideration of conservation of mass 
and charge leads to the equation:
(HCOs") ^ [HCOg ]  ̂ *Svater
‘'CO3 -  2 2 X 1 0 - P \ h -  2 y
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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12 13
Carbon has two stable isotopes, .C and _C . StableD D
isotope ra tios are usually expressed in per mil notation re la tiv e  to 
the Chicago PDB standard (Rightmire, Hanshaw, 1973):
.13 / p l 2
g l 3  o' 6  ̂ sample -  1 \ % 1 0 0 0 .
C^  ̂ /  gC^  ̂ standard
13Carbon from d iffe re n t sources has d iffe re n t values of S . This 
enables the determination of from stable isotope data:
Fp2  = / sample -  limestone__________\  ̂ (gg)
plant root zone -  6 ^  ̂ l i1 mestone
Theoretica lly , elim ination o f the effects  o f d ilu tio n  by non- 
radiogenic carbon may be achieved by incorporating into equation 
(B2):
or
where
T = (5570/1n2) In (RoF^/R)
T = t *  + (557G/ln2) In Fp (B5)
T = corrected ground-water age; 
T = T1 I f  Fp = Fp,;
T -  Fp .  Fp^
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Related Physical Constants
Tables 1 through 4 show values of the physical constants which 
enable the application of theoretical material in th is chapter to 
analytica l resu lts .
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Table 1. Values o f Debye-Huckel â for Some Ions
ion
Ca~*̂  Nâ  K H HCO3  SO4  CO3 " ' C l' p~ NOg- 0 H“
â(x  E8 ): 6  8  4.25 3 9 4.25 4.25 4.5 3.0 3.5 3.0 3.5
Source: K lotz, (1950).
Table 2. Values of Debye-Hückel A and B (aqueous solution)
Temperature A B(X E- 8  )
0 0.4883 0.3241
5 0.4921 0.3249
1 0 0.4960 0.3258
15 0.5000 0.3262
2 0 0.5042 0.3273
25 0.5085 0.3281
Source: Manov, Bates, Hamer, Acree, (1943).
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26
2L
ature °C Calcite^ Dolomite* COgb H2 CO3 C HCÛ3 ° eWater
0 8.340 16.56 1 . 1 1 6 . 5 7 9 10.625 14.93
5 8.345 16.63 1.19 6.517 10.557 14.74*
1 0 8.355 16.71 1.27 6.464 10.490 14.54*
15 8.370 16.79 1.32 6.419 10.430 14.35
2 0 8.385 16.89 1.41 6.381 10.377 14.17
25 8.400 17.00 1.47 6.352 10.329 14.00
Source: a Langmuir, (1971);
b Meeresforschung, 1951. (Stumm, Morgan, 1970); 
c Harned, Davies, (1943); 
d Harned, Scholes, (1941); 
e Harned, Owen, (1958).
*  estimated by interpolation  between 0 ® and 15°
Table 4 . Stable Carbon Isotope Ratios o f Some Substances
Substance si 3 Source
Atmospheric CO2 -7 .0  + 0.4 Keeling (1958)
Soil a ir  CO2  
(temperate clim ate)
-25 + 2 Hanshaw (1970)
Marine limestone and 
shell 0 Baertschi (1951)
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
CHAPTER V 
SAMPLING
Locations
Sampling locations were selected for relevance to one of the 
three most probable recharge sources developed above, with emphasis 
on the Missouri River and the Madison Group. Carbon-14 analysis was 
performed on water from Giant Springs, from two Madison Group 
domestic w ells , and from one domestic well producing from Missouri 
River alluvium. Chemical analysis was performed on samples from the 
above locations, from the Missouri River, and from Belt Creek at a 
location on the Madison outcrop. One Montana State Department of 
Health analysis was used to improve the characterization o f water 
from the Madison Group. Two Montana State Department o f Health 
analyses were used to characterize water from the basal conglomeratic 
sandstone o f the Kootenai Formation (Table 5, Fig. 6 ) .  United States 
Geological Survey analyses o f Missouri River water from near Canyon 
Ferry Dam, approximately 105 kilometers ( 6 6  miles) above Great F a lls , 
and from near Fort Benton, Montana, approximately 56 kilometers 
(35 m iles) above Great F a lls , were included to i l lu s tra te  the extremes 
of water q u a lity  in the Missouri River near Giant Springs over a period 
of several years (Table 5 ).
27
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Table 5. Sampling Locations
Sample Number Source (h
Location 
h Sec. Twp. Rge,
1 * Giant Springs SE NW 33 2 1 N 4E
2 * Domestic Well NW SE 18 20N 4E
3* M NW NW 18 19N 5E
4* II SW SE 1 2 19N 3E
5 Belt Creek — — -  — 23 17N 6 E
6 Missouri River 
(near Great F a lls , Mont.)
------- 1 19N 3E
7 Missouri River 
(below Canyon Ferry Dam)
SE SE 4 ION IW
8
II II
9 II II
1 0 Missouri River 
(near Fort Benton, Mont.)
SE SE 23 24N 8 E
1 1
II II
1 2
II II
13 II II
14 Domestic Well SE NW 6 20N 6 E
15 C ity  Water Well NE NW 13 19N 4E
16 Private Spring — NW 2 19N 4E
*Carbon-14 sampling locations
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Sample Number Owner Depth Formation
1
2
3
4
5
6
7
8 
9
10
11
12
13
14
15
16
J. Bryant 
General M ills  Co. 
P. Byrne
P ra irie  Nest Ranch 
Sand Coulee Water Assoc. 
R. Lyman
403
265
93
884
210
Madison Gp. 
Madison Gp. 
Missouri River Alluvium
Madison Gp. 
Kootenai Fm. 
Kootenai Fm.
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.hatched area enlarged below
Giant Springs 
GREAT FALLS ^ 1 4
.Missouri R iver
AI luvlum
€ Belt C re ek
• G iant Springs
e Kootenai Fm.
o Madison G p.
© Missouri River
C ,
N1
O km 10
Fig. 6 . Sampling Locations
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Procedure
Field water temperature and pH were determined a t each carbon-14 
sampling location and at the Belt Creek sampling s ite . Samples were 
taken from the above locations and frcm the Missouri River near Great 
F a lls , fo r laboratory determination of other water qua lity  parameters.
Approximately tw enty-five gallons of water was collected fo r  
carbon-14 analysis from each carbon-14 sampling location. This was 
placed in five -g a llo n  p lastic  containers with appropriate precaution 
taken to avoid contamination by atmospheric carbon dioxide during 
collection  and transport. Three independent carbon-14 samples were 
collected from Giant Springs to serve as an internal check on the 
r e l ia b i l i t y  o f processing equipment and sample co llection methods. 
T rip lic a te  Giant Springs samples are denoted lA , IB , and 10 (Table 7 ). 
A one l i t e r  sample was collected from each carbon-14 location for 
stable carbon isotope ra tio  analysis.
Carbon Extraction
Carbon was removed from water samples by a closed cycle process 
which circu lated nitrogen gas between a BaClg/NH^OH carbon dioxide 
trap and five -g a llo n  containers of sample water, which had been 
ac id ified  with hydrochloric acid. Net chemical reaction in the sample 
water may be expressed:
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HCO ” + excess COj>t + H O.
3 ^ 2
Net reaction In the carbon dioxide trap may be expressed:
COg + 20H excess OH^ CÔ  + HgO,
COg" + Ba —̂  BaCOg  ̂ .
Each five -g a llo n  sample was cycled fo r approximately twelve hours. 
Completion of carbon extraction was indicated by reduced tu rb id ity  
in the carbon dioxide trap . Upon completion of carbon extraction for 
a given location , the barium carbonate p rec ip ita te  was washed with 
d is t il le d  water, in a nitrogen atmosphere, and dried.
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CHAPTER VI 
ANALYSIS
Chemical analyses were performed a t the University of Montana. 
Carbon-14 a c t iv ity  was determined by the Department of Chemical and 
Nuclear Engineering, Washington State University. Carbon stable 
isotope ra tio s  of a l l  samples, and carbon-14 a c tiv ity  o f one Giant 
Springs sample, were determined by the United States Geological Survey, 
Water Resources D ivision. Isotopic analyses by the above were re ­
quired by the lack o f suitable equipment in Montana.
Determination of Dissolved Chemical Species
Cations were determined by atomic absorption spectrophotometry. 
Sulfate and chloride were determined by turb id im etric and colorim etric  
methods, respectively. N itra te  and fluoride  were determined with ion 
specific  electrodes. A lk a lin ity  (A ik .) was determined by t it ra t io n  
with hydrochloric acid to the pH in fle c tio n  point a t approximately 
4.5 pH units. Bicarbonate was calculated from the equation (Stunmn, 
Morgan, 1970):
Aik = [HCOg""] + 2 [CO3 ' ' ]  + [oh"] -  [H *].
Field temperature and pH, a c t iv ity  coeffic ien ts  estimated by assuming 
[HCOg] = A ik ., and equations (A6 ) and (A7) were used to solve the
33
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above equation fo r bicarbonate concentration:
[HCO- ] =
Aik - ^water +
fnulO-PHOH
1 + HCO3 -
CO3 -
H"*
HCOr
(A12)
10-pH
The approximation {[HCO^”] = A ik .) was s u ffic ie n tly  accurate for a l l  
samples th at recalculation o f a c tiv ity  coeffic ients were unnecessary.
Determination of Carbon-14 A c tiv ity
Barium carbonate is  converted to carbon dioxide by a c id ific a tio n . 
The carbon dioxide is  converted e ith er to methane (CH^), fo r use 
in a proportional counter, or to an organic solute such as benzene 
(CgHg), fo r use in a liq u id  s c in t il la t io n  counter. Both types of 
counters are highly shielded from ambient rad ia tio n , and have c i r ­
cu itry  designed to elim inate the counting of any ambient radiation  
which penetrates the shielding (Raaen, Ropp, Raaen, 1968).
The standard material against which sample a c tiv ity  is measured 
is National Bureau o f Standards (NBS) oxalic acid (CgHgO^). By 
agreement, the beta p a rtic le  emission rate per mole o f modern plant 
carbon is 0.95 times th a t o f a mole of carbon from NBS oxalic acid
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(Raaen, Ropp, Raaen, 1968). Thus, Rn = 0.95 R_ . . . ̂ oxalic acid
Determination of Stable Isotope Ratios
Barium or strontium carbonate is precipitated d ire c tly  from
one l i t e r  water samples. Carbon dioxide is evolved from the carbonate
by a c id ific a tio n  and is analyzed d ire c tly  on a high resolution mass
spectrometer (Craig, 1957). Low resolution mass spectrometers might 
13suffice  fo r S determinations, provided the sample carbon is f i r s t  
converted to a multi-carbon molecule (S ilv e rs te in , Bassler, M o rr ill,  
1974),
Analytical Results
Table 6  shows the results of chemical analysis. Table 7 shows 
apparent ground-water ages and stable isotope ra tio s .
Calculated Results
Table 8  shows the results o f chemical analysis in terms of 
equivalent fractions of the three principal anionic and cationic  
species. Numerical values fo r the th ird  species of each set (chloride  
and sodium, respectively) are not lis te d  because knowledge of two 
specifies the th ird . Figures 7 and 8  show equivalent fractions plotted  
as hydrochemcial facies diagrams.
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Table 6. Results o f Chemical Analysis
Cations (m illiequivalents per l i t e r )
++ ++ ^
pH Ca Mg Na_______ K_
1 12.2 7.48 4.14 2.30 0.40 0.04
2 11.4 7.45 4.32 2.96 0.94 0.08
3 12.2 7.47 5.09 2.55 0.51 0.07
4 11.2 7.25 3.74 6.96 1.59 0.14
5 13.2 8.45 1.76 0.99 0.07 0.02
6 — — 1.72 1.00 0.60 0.07
7® 4.5 8.0 2.15 0.99 0.87 0.08
8^ 15.5 7.3 1.50 0.73 0.70 0.08
9 b 14.5 8.0 1.90 0.99 0.83 0.09
10^ 0.5 8 .0 2.00 1.07 0.78 0.09
11^ 21.0 8.4 2.05 1.15 0.74 0.09
1 2 b 0.0 7.8 2.05 1.15 0.83 0.09
13*̂ 21.0 8.7 2.30 1.32 1.00 0.09
I 4 C — — — — 4.84 2.71 0.60 ——
1 5 c 7.5 2.69 5.67 0.87
16^ — — 2.40 5.84 — — 2.42*
Source: a United States Department o f the In te r io r , 1972.
b United States Department o f the In te r io r , 1973.
c Water Q uality Bureau, Montana State Department of Health.
*  Reported as Na"*" + K'*’ .
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Table 6 (continued)
Sample Number
Anions (mi 1 1 iequivalents per l i t e r )
HCO3 " SO4 "" Cl F NO3
1 3.53 3.10 0.14 0.03 0 . 0 1
2 4.02 3.83 0.35 0.04 0 . 0 1
3 3.62 4.33 0.16 0 . 0 2 0.04
4 6 . 6 8 4.91 0.46 0.05 0.07
5 2.44 0.33 0 . 0 2 0 . 0 1 0 . 0 1
6 2.39 0.73 0.19 0.03 0 . 0 1
7 2.87 0.96 0.34 0.05 0 . 0 0
8 2 . 2 1 0.62 0 . 2 0 0.05 11
9 2.77 0.79 0.28 0.06 M
1 0 2.72 0.92 0 . 2 2 0.04 11
1 1 2.31 1.27 0 . 2 0 0.05 II
1 2 2.90 1 . 1 0 0.28 0.05 II
13 3.08 1.33 0.28 0.06 II
14 3.16 4.91 0.03 0.05 II
15 7.77 1.52 0 . 0 0 0.09 II
16 6.49 3.62 1.04 0.06 0.32
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Table 7. Apparent Ages and Stable Isotope Ratios 
of Sample Carbon
Sample Number t *  (years) 613
lA 5250® -7.3^
IB 4940® I t
1C 6270^ It
2 6860® - 8 . 8 ^
3 3300® - 1 2 . 0 ^
4 1960* -7.7^
^Reported by Department o f Chemical and Nuclear Engineering,
Washington State U niversity , Pullman, Wash.
’Reported by United States 
Division, Lakewood, Colo.
^ Geological Survey, Water Resources
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Table 9 shows calculated values of p a rtia l pressure of carbon 
dioxide, re la tiv e  pressures of carbon dioxide (PCOgf PCOg a t­
mospheric), c a lc ite  saturation indices, dolomite saturation indices, 
and to ta l dossolved carbon concentration.
Table 10 shows apparent age correction factors as calculated by 
equations (B3) and (B4), and corresponding values o f corrected ground­
water age.
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Table 8. Ionic Concentration Expressed as Equivalent Fractions
Sample Number
Anions Cations
HCO3 " s o / '
++
Ca
++
Mg
1 0.52 0.46 0.60 0.33
2 0.49 0.46 0.52 0.36
3 0.44 0.53 0.62 0.31
4 0.55 0.40 0.30 0.56
5 0.87 0.12 0.62 0.35
6 0.71 0.22 0.51 0.29
7 0.68 0.23 0.53 0.24
8 0.72 0.20 0.50 0.24
9 0.71 0.20 0.50 0.26
10 0.70 0.24 0.51 0.27
11 0.60 0.33 0.51 0.29
12 0.67 0.25 0.50 0.28
13 0.65 0.28 0.49 0.28
14 0.39 0.60 0.59 0.33
15 0.83 0.16 0.29 0.61
16 0.56 0.31 0.23 0.55
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Ca
hatched area enlarged below
SourceSample Number
Q 4 Alluvium
€ 5 Belt Creek
• 1 Giant Springs
© 15 .16 Kootenai Fm.
o 2 ,3  ,14 Madison Gp.
© 6-13 Missouri River
Fig. 7. Cation Hydrochemical Facies Diagram.
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hatched oreo enlarged below
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©
Sample Number
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5  
1
15,16
2 ,3 , 1 4
6 - 1 3
© © _o
O
n
Source
Alluvium 
Belt Creek 
Giant Springs 
Kootenai Fm. 
Madison G p. 
Missouri River
Fig. 8 . Anion Hydrochemical Facies Diagram.
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Table 9. Carbon Chemistry C a lcu la tion s
Chemical parameter
PCOg PCOg (R elative) SIC SID
Calculating equation: 
Sample/Source
(A8) PC0/10"3 5 (A9) (AlO) (A-11)
1 (Giant Springs) 5.69E-3 18.0 +0 . 0 2 -0.09 3.83E-3
2 (Madison 6 p .) 6.84E-3 2 1 . 6 +0.03 -0.04 4.38E-3
3 (Madison Gp.) 5.91E-3 18.7 +0.09 -0.04 3.93E-3
4 (Missouri R. Alluvium) 1.77E-2 56.1 -0.05 +0 . 1 0 7.62E-3
5 (B elt Creek) 4.39E-4 1.4 +0.55 +0.44 2.49E-3
6 * (Missouri River) - — — — - - - - - —
7 1 1 .34E-3 4.2 +0 . 1 0 - 0 . 1 0 2.97E-3
8
II 5.74E-3 18.1 - 0 . 6 8 -0.81 2.48E-3
9 II 1.42E-3 4.5 +0.19 +0.07 2.85E-3
1 0
II 1.24E-3 3.9 - 0 . 0 1 - 0 . 2 0 2.82E-3
1 1
n 5.28E-4 1.7 -0.62 +0.57 2.36E-3
1 2
II 2.07E-3 6.5 -0.18 -0.36 3.07E-3
13 II 3.51E-4 1 . 1 +1.08 +1.03 3.18E-3
14* - - —— —- - -
15* - — — — — — —— —— — —
16* — — — — — -
♦Calculations not made because f ie ld  pH was not taken.
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Table 10. T h e o re tic a lly  Corrected Sample Ages
t *
Calculating equation: given
Sample/Source 
lA (Giant Springs)
IB 
1C
2 (Madison Gp.)
3
4 (Missouri R. Alluvium) 1960
Carbon-14 dating parameter_______
Fpi Fp2 h Tg
(83) (84) (83,85) (84,85)
corrected age (years)
5250 0.54 0.29 +298 -4697
4940 0.54 I I - 1 2 -5007
6270 0.54 I I +1318 -3377
6860 0.54 0.35 +1908 -1576
3300 0.54 0.48 -1652 -2598
0.56 0.31 -2699 -7451
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CHAPTER V II 
INTERPRETATION
Geochemical
Hydrochemical facies diagrams (Figs. 7 ,8 ) show Giant Springs' 
water to be s im ilar to that from the Madison Group and d issim ilar 
to th at from the Missouri R iver, and the Kootenai Formation.
P artia l pressures o f carbon dioxide (Table 9) in Giant Springs 
water are nearly identica l to those in Madison Group water and are 
s ig n ific a n tly  greater than those in Missouri River water (high PCOg 
in sample 8  is probably due to erroneous pH).
Saturation indices (Table 9) of Giant Springs' water are sim ilar 
to those of Madison Group Water. Missouri River saturation indices
are too e rra tic  fo r va lid  comparison.
Total dissolved carbon concentration (Table 9) in Giant Springs' 
water is consistently closer to th a t in Madison Group water than to 
that in Missouri River water.
Isotopic
Stable isotope correction factors (FPg) cannot be used because
13 13the lite ra tu re  average values of S plant root zone and S
limestone (Table 4) produce correction factors which, excepting that
of sample 3, are much too low: the minimum theoretical correction
factor is 0.50 (Broecker, Walton, 1959).
45
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Ground-water ages (T^) calculated with carbon chemistry 
correction factors (FP^) are wrong, for no age can be negative. The 
error must be due e ith er to contamination of samples during collection  
and processing, or to assumptions re la tiv e  to the recharge regimen 
which do not apply in the present case.
Effects of Possible Contamination
Carbon chemistry correction factors (FP^) are assumed to be 
correct in the following discussion. R elatively good agreement among 
apparent ages o f the three Giant Springs' samples provides a means by 
which the effects  o f contamination may be examined. I f  contamination 
by atmospheric carbon dioxide is  present, i t  must have occurred in a 
nearly uniform manner in each sample. I f  so, contamination is present 
in inverse proportion to to ta l sample carbon (C^) because equal volumes 
of water were collected and processed fo r each sample. The e ffe c t of 
contamination, as described above, may be evaluated by assuming that 
various masses o f contaminating modern carbon, with disintegration  
rate R^, are included with the carbon from tw enty-five gallon samples. 
Corrected sample d is in tegration  rate  (R ') is :
R' = [(1137 Ct + Cf) R - Rg Cc ] ;  1137 Ĉ ;
where
Cç = Mass of contaminating carbon (grams);
R» Rq , C^, are as previously defined.
Corrected sample age becomes:
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Table 11 shows resulting ground-water ages based on equation 
(B6 ) . I t  is  apparent that contamination cannot be the reason fo r  
negative corrected ages: the corrected age of sample number 4
remains negative even when contamination equal to as much as f i f t y  
percent o f the to ta l carbon in Giant Springs' samples is  factored out. 
Contamination to th a t degree is unlikely even with the poorest sampling 
and extraction methods. Therefore, discrepancies must be due to non­
a p p lic a b ility  o f theoretical carbonate chemistry correction factors 
(FPl) in the Giant Springs area.
P o ss ib ility  o f Carbon Exchange
Hanshaw (1969) showed that exchange o f carbon between solid  
carbonate and aqueous carbon was neg lig ib le . However, th is  does not 
preclude the p o s s ib ility  th a t carbon exchanges between aqueous and 
gaseous phases in the recharge area. Picks f i r s t  law may be used to 
evaluate the ra p id ity  o f such exchange. Stumm and Morgan (1970) show 
that the expression fo r the flu x  of carbon dioxide, e ither into or out 
of water a t equilibrium  with a given p a rtia l pressure of carbon dioxide, 
is given by the modified form o f Picks law:
Fo = K Cg (B7)
where
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Table 11. Corrected Age of Contaminated Samples 
(based on 25-gallon samples)
Grams of
Calculating equation: B6
Correct Sample Age (years)
Modern Carbon Sample No. : lA IB 1C 2 3 4
0 293 - 8 1324 1915 -1649 -2703
0 . 2 641 312 1774 2363 -1464 -2652
0.4 1004 646 2250 2837 -1275 -2600
0 . 6 1385 994 2756 3341 -1081 -2548
0 . 8 1784 1358 3297 3879 - 882 -2496
1 . 0 2204 1739 3876 4456 - 679 -2443
1 . 2 2648 2139 4500 5077 -  470 -2390
1.4 3117 2560 5117 5750 - 255 -2337
1 . 6
3616 3004 5917 6485 - 35 -2283
1 . 8
4147 3474 6731 7294 192 -2229
2 . 0
4716 3974 7637 8193 425 -2174
2 . 2
5329 4507 8659 9206 665 - 2 1 2 0
2.4 5992 5077 9830 10366 913 -2064
2 . 6
6715 5691 1 1 2 0 0 11721 1168 -2009
4.35 20658 15233 0 0 0 0 3836 -1505
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Fo = flu x  of carbon dioxide into  or out o f the
2  « 1  
water (Moles cm*' sec );
K = transfer co e ffic ien t (cm sec ^);
Cg = saturation concentration of aqueous COg 
at equilibrium  with gaseous COg.
They also give the value 5E-3 as a typical carbon dioxide transfer 
c o e ffic ie n t and, furthermore, state that the above gas transfer is  
the slow, or rate  lim itin g  step, in the aqueous sequence
COg-- ^  HCO3 " HgCOg ^  CO2  Aqueous ^  COg .
The above may be modified, with the use of equation (A4) and 
geometric considerations, to y ie ld :
t = ( 2 0 0  C tV )-s -(A K ^ g ^  PcoJ
where
t  = time (seconds) required fo r complete exchange 
of aqueous carbon;
3
V = volume element o f water (cm );
A = surface area exposed to the gas phase, of
2
the volume element (cm ).
Table 12 shows calculations o f exchange time fo r various geometric 
shapes, with P^Q ,̂ C^* and temperature typ ical o f the sampling locations 
in th is  paper.
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I t  appears that very substantial exchange may take place in 
the recharge area. Therefore, any aquifer carbonate carbon dissolved 
in the recharge area may be p a r t ia lly  replaced with modern carbon.
This mechanism w ill  cause the actual fraction  of plant derived carbon 
to be greater than that calculated by equation (B3). Resulting 
corrected ages (T^) w ill be fa ls e ly  young.
I f  carbon exchange does produce the erroneous corrected ages, 
the actual age of Giant Springs' water may be determined. Sample 
number 4 must be young because i t  comes from alluvium and is un­
protected from downward moving modern meteoric water. Therefore, 
lim its  on the age o f sample 4 are zero age (modern) and the apparent 
age (1960 years). Correction factors (FP3), which give the above 
lim ites  when used in equation (B5), may be applied to the Giant Springs’ 
samples. The v a lid ity  o f th is  approach is  supported by the fact 
that o f Giant Springs' water is  very close to that of sample 
number 4.
The required FP3 are 1.00 and 0.78. Table 13 shows the resulting  
age of water in Giant Springs.
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Table 12. Time Required fo r  To ta l Exchange o f Carbon
Calculating equation: B8
Physical System Ĉ  PCOg Temp *̂ C Time
sheet, 1/10 mm th ick 4E-3 6E-3 1 2 . 2 26 sec
drop let, four cm diameter " " II 2.9 min
pool, one cm deep " " I I 43.3 min
pool, one meter deep " " II 3.0 day
Table 13. A Range o f Calculated Ages Which Probably
Includes the True Age of Giant Springs Water
Calculating equation: B5
Age in Years
Sample number i f  FP3 = 1 .0 0 I f  FP3 = 0.78
lA 5250 3253
1B 4940 2943
1C 6270 4273
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CHAPTER V I I I  
SUMMARY AND CONCLUSIONS
Geochemical results indicate that Giant Springs' water is 
probably derived from Madison Group aquifers. Several corollary  
observations may be made:
1. R ela tive ly  high carbon dioxide p artia l pressures in the 
Madison Group (Table 9) indicate that a substantial 
portion of the to ta l recharge to th is  aquifer is 
derived from soil zone in f i l t r a t io n .
2. S im ila rity  of Belt Creek water and Madison Group water 
on the cation hydrochemical facies diagram (Fig. 7) 
indicates that Belt Creek and sim ilar streams may also 
contribute water to th is  aquifer — water which dissolves 
anhydrite (CaSO^) near the top o f the Madison strata  
a fte r  in f i l t r a t io n  (Goers, 1968), thus producing a 
separation on the anion hydrochemical facies diagram 
(Fig. 8 ).
3. Depth o f flow of Madison Group water reaching Giant 
Springs is  approximately 260 meters (853 f t . ) ,  based 
on a geothermal gradient of 20° Celsius per kilometer 
(Broecker, Oversby, 1971), on the mean annual
52
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temperature at Great F a lls , Montana, and on the 
temperature of water in Giant Springs.
Carbon-14 results are d i f f ic u l t  to in terp re t due to apparent
non -app licab ility  o f both stable carbon isotope and carbon chemistry
correction factors. This may be due to admixture o f soil zone and
13stream water in the aquifer or to soil zone S more typical of an 
arid  than of a temperate clim ate.
R ela tive ly  high carbon-14 a c tiv ity  in a l l  samples, even though 
they are approximately at equilibrium  with aquifer carbonates, may 
be an indication th at s ig n ifica n t exchange of carbon takes place 
between liq u id  and gas phases in the recharge area. Limits on ground­
water age, derived by assuming such exchange and by comparison of 
Giant Springs samples with sample number 4 , probably do include the 
true age o f Giant Springs water. However, the resulting range of 
ages must be considered only an estimate. Precise determinations of 
ground-water age in aquifers o f the Great Falls  area w ill be possible 
only a fte r  an extensive investigation of stable carbon isotope ratios  
in recharge areas.
The source o f Giant Springs water is  carbonate rocks of the 
Mississippian Age Madison Group: probably those exposed on the north 
flank of the L i t t le  B elt Mountains. Recharge tra n s it  time is  probably 
not less than 2900 years nor greater than 6300 years.
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Table 14. M etric  to  English Conversions
1  kilometer 
1  meter 
1  cubic meter 
1  centimeter 
1  kilogram 
n degrees cel si us
= 0.621 miles 
= 3.281 fee t
= 35,315 cubic feet 
= 0.394 inches
= 2.205 pounds
= 1.8 n + 32 degrees fahrenheit
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